Abstract. Changes in marine net primary productivity :::: (PP) : and export of particulate organic carbon :::: (EP) : are projected over the 21st century with :::: four : three global coupled carbon cycle-climate models. These include representations of marine ecosystems and the carbon cycle of different structure and complexity. All :::: four : three models show a decrease in global mean ::: PP :::: and ::: EP :::::::: between : 2 : marine productivity and export production between 7 and 20% by 2100 relative to preindustrial 5 conditions, for the SRES A2 emission scenario. Two different regimes for productivity changes are consistently identified in all three models. The first chain of mechanisms is dominant in the lowand mid-latitude ocean and in the North Atlantic: reduced input of macro-nutrients into the euphotic zone related to enhanced stratification, reduced mixed layer depth, and slowed circulation causes a decrease in macro-nutrient concentrations and in ::: PP ::: and :::: EPproductivity and export of particulate net : primary production from satellite observations.
ganic material into the thermocline, remineralization of organic material and transport of inorganic nutrients by the circulation is represented. In the simpler models, :: EP :::: (or ::::: some ::::::::::::: approximation ::: of 2100 AD). In the next section, models and experimental setup are described. In the result section, we first present projections for marine ::: PPproductivity. Then, we investigate underlying physical and biogeochemical mechanisms, quantify model sensitivities, and also address changes in the seasonal cycle. Regional model skill metrics are used to compute multi-model mean changes. In the discussion section, results of the mechanistic models are compared with those of Sarmiento et al. (2004) 130 and discussed in the light of earlier studies. ::::::::::: Throughout ::: this :::::: paperIn the following, the variables PP and EP are used to represent net primary productivity and export of particulate organic carbon (POC), respectively.
Methods

Models
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All models used in this study are fully coupled 3-D atmosphere-ocean climate models that contributed to the IPCC Fourth Assessment Report (Solomon et al., 2007; Meehl et al., 2007) (Friedlingstein et al., 2006) . • and 19 vertical levels (Hourdin et al., 2006) , coupled to the OPA-8 ocean model with a horizontal resolution of 2 • ×2
• · cos φ and 31 vertical levels and the LIM sea ice model (Madec et al., 1998) . The terrestrial biosphere is rep-
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resented by the global vegetation model ORCHIDEE (Krinner et al., 2005) and the marine carbon cycle is simulated by the PISCES model (Aumont et al., 2003) . PISCES simulates the cycling of carbon, oxygen, and the major nutrients determining phytoplankton growth (PO The :::::::::::::::::: nanophytoplankton ::: and ::::::: diatom ::::::: growth :::: rates ::: as :::: well :: as ::: the ::::::: grazing :::: rate :: of ::::::::::::::::: microzooplankton ::: are :::::::::: temperature :::::::::: dependent ::: and :::::::: increase ::: by : a :::::: factor :: of ::: 10 :::: over ::: the ::::::::::: temperature ::::: range ::::: from :: -2 :::
• C :: to ::: 34 :::
• C.
:::
The ::::::::::: temperature :::::::::: sensitivity :: of ::: the :::::::::::::::: mesozooplankton ::::::: grazing :::: rate : is ::::::: slightly ::::::: higher :::::::::::: (Q 10 = 2.14). : For 155 all species the C:N:P ratios are assumed constant (122:16:1; Takahashi et al., 1985) , while the internal ratios of Fe:C, Chl:C, and Si:C of phytoplankton are predicted by the model. Iron is supplied to the ocean by aeolian dust deposition and from a sediment iron source. Iron is also added at the surface if the iron concentration falls below a lower limit of 0.01 nM. Iron is taken up by the plankton cells and released during remineralization of organic matter. Scavenging of iron onto particles is the 160 sink for iron to balance external input. There are three non-living components of organic carbon in of 3 m day −1 , while for large particles the sinking speed increases with depth from a value of 50 m day −1 at the depth of the mixed layer, increasing to a maximum sinking speed of 425 m day −1 at 5000 m depth. For a more detailed description of the PISCES model see Aumont and Bopp (2006) and Gehlen et al. (2006) . Further details and results from the fully coupled model simulation of the IPSL-CM4-LOOP model are given in Friedlingstein et al. (2006) . which includes a sea ice model (Marsland et al., 2003) and the HAMOCC5.1 marine biogeochem-
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istry model (Maier-Reimer, 1993; Six and Maier-Reimer, 1996; Maier-Reimer et al., 2005) . The coupling of the marine and atmospheric model components, and in particular the carbon cycles, is achieved by using the OASIS coupler.
HAMOCC5.1 is implemented into the MPIOM physical ocean model configuration using a curvilinear coordinate system with a 1.5
• nominal resolution where the North Pole is placed over Green- here :::: only :::: the ::::: main :::::::: features ::::::: relevant :::: for ::: the ::::::::: described :::::::::::: experiments ::: and ::::::::: analyses :::: will ::: be :::::::: outlined.
The marine biogeochemical model HAMOCC5.1 is designed to address large-scale, long-term fea-by sea water (k w ) and chlorophyll (k c ) using a constant conversion factor for C:Chl, R C:Chl :
I(z, t) = I(0, t) e −(kw+kc PHY 12 RC:P/R C:Chl )z
::
PP : Phytoplankton growth depends linearly on the availability of light, without saturation of growth 200 rates for stronger irradiance (I). The growth rate J(I(z, t)), is calculated as J(I) = α PHY I(z, t), where α PHY is the slope of the production vs. light intensity curve. is the export production, R Si:P = 25 denotes the Si:P ratio required by diatoms, K PHY SI(OH)4 = 1mmolm −3 the half-saturation constant for silicate uptake. The remaining fraction of photosynthesis is by coccolithophorids. Again, as for opal we only account for the sinking part of calcite production:
, with R Ca:P = 35 being the CaCO 3 to PO 4 ratio. The physical core of the NCAR CSM1.4 carbon climate model (Doney et al., 2006; Fung et al., 250 2005) is a modified version of the NCAR CSM1.4 coupled physical model, consisting of ocean, atmosphere, land and sea ice components integrated via a flux coupler without flux adjustments (Boville et al., 2001; Boville and Gent, 1998 ). The atmospheric model CCM3 is run with a horizontal resolution of 3.75
• and 18 levels in the vertical (Kiehl et al., 1998 . The sea ice component model runs at the same resolution as the ocean model, and the land surface model runs at the same resolution as the atmospheric model. , 2007) . In the ocean model, the biological source-sink term has been changed from a nutrient restoring formulation to a prognostic formulation ::::::: inspired ::: by Maier-Reimer (1993) : . ::::::::: Biological : , and thus biological productivity is modulated by temperature (T ), surface solar irradiance (I), mixed layer depth (MLD), and macro-and micro-nutrients (PO 3− 4 , and iron): (Najjar et al., 2007) total biological pro-275 ductivity is partitioned 1/3 into sinking POC flux, here taken to be equivalent to export productivity (EP), and 2/3 into the formation of dissolved or suspended organic matter, where much of the latter is remineralized within the model euphotic zone. Total productivity thus contains both new and regenerated production, though the regenerated contribution is probably lower than in the real ocean, as only the turnover of semi-labile dissolved organic matter (DOM) year is considered. ::::::: CSM1.4 ::: net : NCAR primary productivity (PP) thus represents, rather, the carbon flux associated with net nutrient uptake and is not strictly equivalent to ::: net primary production as measured by 14 C methods. It ::::::: appears :: to ::: be : is a reasonable proxy for the time and space variability of PP if somewhat underestimating the absolute magnitude (Schneider et al., 2008) . For reasons of simplicity, net nutrient uptake times the C:P ratio of 117 (Anderson and Sarmiento, 1994 ) is 285 considered here as PP, even though it is not exactly the same. The ocean biogeochemical model includes the main processes of the organic and inorganic carbon cycle within the ocean and air-sea CO 2 flux. A parametrization of the marine iron cycle (Doney et al., 2006) includes atmospheric dust deposition/iron dissolution, biological uptake, vertical particle transport and scavenging. The CSM1.4-carbon source code is available ::::: online :::: and electronically (see ) and is described in detail in The : skill of individual models to represent the satellite-based ::: PP productivity field is rather low 360 with correlations between modeled and satellite-based fields of less than 0.6 (Fig. 2b) . The errors in the simulated PP fields reflect both deficiencies in the simulated physical fields and in the representation of ecosystem processes in the coupled AOGCM. Results from ocean only models with prescribed surface forcing compare typically better with :::::::::::::::: observation-based :::::::::::: estimates.We ::::: recall :::
that ::: the ::::::::::::::: satellite-derived ::::::::: estimates :::: have :::::::::::: uncertainties; : observations.We note that the satellite derived 365 estimates also have uncertainties. For example, Carr et al. (2006) report that global PP estimates from twenty-four ocean-color-based models range over a factor of two, but correlations among the resulting fields are typically high.
::::
The All :::: four : three models show a reduction in the globally integrated annual mean :: PP : primary production and POC export in the simulations from 1860 AD to 2100 AD under SRES A2 (Fig. 1 , Table 1 ). The IPSL model , which also yields the highest preindustrial and present PP, shows the biggest changes. In that model PP declines by 4.6 GtC/yr by the end of this century, which is a reduction of the simulated preindustrial :: PP : production by 13%. We and NCAR models; we note that sea ice extent is unrealistically high in this area in the ::::::: CSM1.4 : NCAR model Weatherly et al., 1998) . In summary, the model results suggest that PP will be reduced in most equatorial and mid-latitude regions and in the
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North Atlantic, and moderately enhanced in polar regions. 
, where the first three factors represent nutrient, light, and temperature limitation and B is a biomass proxy derived from phosphate and iron concentrations. The relative changes in these factors directly yield the relative changes in PP (Fig. 4e) . Light availability is tied to the We recall that the biomass proxy corresponds to the phosphate or (scaled) iron concentration (which ever is smaller) and thus directly represents nutrient concentrations.
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The biomass proxy decreases in most areas of the world ocean (Fig. 4d ). This can be attributed to a more efficient utilization of nutrients under global warming as found in previous work (e.g. Plattner et al., 2001; Frölicher and Joos, 2010 N.
Local correlations between changes in ::
PP : productivity and potential drivers
In this section, we address to which extent the features identified on the basin-scale are also evident on the local scale. We correlate simulated changes in annual mean PP with annual mean changes 590 in SST, stratification, MLD, and shortwave radiation, as well as with phosphate and iron for each single grid cell (Fig. 6 ) and compare projected changes along two transects through the Atlantic (and Arctic), and the Pacific (Figs. 7 and 8 ). The transects, indicated in Fig. 2 , are selected to cover major :: PP : productivity features in the two basins. The results tend to confirm the findings from the two previous sections, although the links between stratification, mixed layer depth and macro-595 nutrient concentrations are often somewhat obscured on the grid cell scale as evidenced by the small regression coefficient (R 2 ) found for many cells.
In the IPSL simulation, the PP decrease in the Pacific, North Atlantic and Indian Ocean correlates with enhanced stratification and decreased surface phosphate concentrations ( and limiting nutrient (yellow and red color in the panels for PO 4 and Fe in Fig. 6 ) and the negative 630 slope between ::: PP productivity and stratification (blue color in the STRAT panel of Fig. 6 also :::: seen :: in : of the satellite-based ::: PP productivity estimates and that the underlying mechanisms for changes in :: PP : productivity are broadly consistent across the range of models. However, individual models clearly fail to represent certain regional features.
The challenge is to combine the information from several models into a quantitative projection.
In the assessments of the Intergovernmental Panel on Climate Change this has been achieved by 645 averaging the results from individual models (Meehl et al., 2007) . In this way, each model, whether skillful or not, is given equal weight. Obviously, such an approach is less than ideal as unrealistic features of a particular model influence the multi-model mean. For example, if one of the models simulates rainfall in a desert region, the multi-model mean will also show rainfall in the desert. An alternative would be to rely on the model with the best skill score with respect to suitable obser-650 vations. However, this seems also less than ideal as each model has certain weaknesses and useful information from the other models is lost. Here, we suggest the use of regional skill scores as weights to compute a "best" or "optimal" estimate of projected changes. The goal is to take advantage of the skill of individual models in simulating regional features and to exclude or minimize the influence of regional results where a model is in conflict with observational evidence.
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Technically, the multi-model mean is computed following the skill score metric developed by Taylor (2001) . For each model m and grid cell at coordinates (i, j) a skill score
is calculated (Taylor, 2001) , where R i,j is the distance-weighted correlation coefficient between the satellite-based estimates (PP obs ) and the simulated :: PP : productivity (PP m ; average 1998-2005) and 660 σ i,j is the corresponding standard deviation normalized by the standard deviation of the observations.
This metric penalizes models that have normalized standard deviations either greater than or less than one by reducing the skill score. The weights are calculated using a two-dimensional Gaussian
665 where x i,j and y i,j are the longitude and latitude of the grid cell (i, j), A(x, y) is the area of the grid cell at coordinates (x, y), and ρ = 10
• characterizes the width of the distribution (the distance at which the weight has decreased from one to 1/ √ e). (Fig. 9a-c) :
Where no observation-based data is available to calculate a skill score (e.g. in the Arctic) the model results are averaged using equal weights.
The above skill score metric emphasizes pattern similarities, but does not penalize offsets between the mean of the fields. Therefore, we also investigate an alternative metric, E, based on mean square 675 errors:
The weights w(x, y) i,j used here are the same as given above. The multi-model mean with this second metric is calculated as
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In addition, we have computed the arithmetic mean from all models (PP ave ) as well as the mean obtained by weighting individual models with their global (ρ = ∞) skill score (PP S glob ). Sproductivity belt. Therefore these models dominate the mean in those regions (Fig. 9d) , and all these features are present in the multi-model mean (Fig. 10a) . There remain weaknesses. All models underestimate ::: PP productivity in the Arabian Sea and off the west coast of Central and North
700
America. Consequently, the multi-model mean also misses these features. Overall, this method improves the multi-model mean significantly compared to simpler averaging methods (Table 1) .
Regional skill scores are applied to calculate the multi-model mean of preindustrial PP and of the projected changes by the end of the 21st century (Fig. 10) and as a function of the global mean surface air temperature (SAT glob , Fig. 11d ). The globally integrated annual mean PP decreases from (Fig. 10b) . Calculating the mean 710 by 2100 has the disadvantage that PP changes are merged that correspond to different temperature changes as the models have different climate sensitivities. One way to avoid this is to calculate the regression slope ∆PP/∆SAT glob for each grid cell (Fig. 11a-c) as done for the global PP in Fig. 1c .
The patterns of the resulting PP change per centigrade SAT increase are broadly consistent with the patterns of the projected PP change by 2100. (Fig. 12 ).
In the global zonal mean, the seasonal amplitude is projected to decrease everywhere in the IPSL In summary, changes in seasonal cycle amplitude are relatively small, though there are exceptions.
The seasonal amplitude tends to become smaller when overall :: PP productivity decreases. Interannual variability in the seasonal amplitude is substantial and projected to decrease in ::: two :: of ::: the :::: four ::::::: models 750 :::::
(IPSL :::: and ::::::::: CSM1.4)many areas in all three models .
Discussion and conclusions
The trends in ocean productivity in response to anthropogenic climate change have been analyzed with ::: four : three coupled carbon cycle-climate models that incorporate marine biogeochemicalecosystem models of different complexity. The decreasing trend in global :: net :::::::: primary :::::::::: production 755 ::::
(PP) : primary production and particulate organic carbon export :::: (EP) : is a robust result, but relative and absolute magnitudes differ among models and regions.
The underlying mechanisms of change are qualitatively consistent across the models, except in the Arctic ::: and :: in ::::: parts :: of :::: the ::::::: tropical ::::::: Pacific. ::: All :::: four : . All three models show a consistent change in physical drivers, surface concentrations of macro-nutrients, and :: PP : productivity when considering 760 regional averages (Fig. 5) . Namely, the models project an increase in sea surface temperature and stratification in all regions and an increase in available light in the Arctic in response to sea ice retreat. Macro-nutrient concentrations in the euphotic zone are projected to decrease in all regions and for all models. Two different regimes for change in ::: PP ::: and :::: EP productivity are identified, that were already discussed previously in the literature (Bopp et al., 2001; Sarmiento et al., 1998) . First, all 765 models indicate a decrease in ::: PP :::: and ::: EP productivity in the low-and mid-latitude ocean and in the North Atlantic in response to reduced nutrient delivery to the surface ocean linked to enhanced stratification, reduced mixed-layer depth and slowed ocean circulation. This is broadly consistent with earlier projections using box models, Earth System Models of Intermediate Complexity or general circulation models (Klepper and De Haan, 1995; Maier-Reimer et al., 1996; Joos et al., 1999; Matear 770 and Hirst, 1999; Plattner et al., 2001; Bopp et al., 2001; Fung et al., 2005; Frölicher et al., 2009 ).
Second, light and temperature limitation is reduced in the high-latitude ocean, whereas nutrient supply remains sufficient to support an increase in small in all three models. The models project also a different evolution of iron. The MPIM regions :::::::: without ::::::::: substantial ::::::: aeolian :::: iron ::::: input. In the IPSL model, the iron-to-carbon ratio of assimilated material is reduced under nutrient stress. As a consequence, iron concentration increases in the euphotic zone as less iron is exported to depth in the form of organic matter. PP : productivity ( Fig. 2; Schneider et al., 2008) suggests that it is not advisable to simply average the results from the :::: four : three models as obvious shortcomings of the models would unfavorably influence the multi-model mean projection.
We have applied regional model skill metrics as weights in the computation of multi-model means. as ::::::::: additional ::::::: targets (Doney et al., 2009a) . A scale length is introduced for the regional skill score calculation that can be adjusted for the problem considered. Here, the scale length has been se- cycling, and ecosystem dynamics taking fully into account first order principles such as mass and en-870 ergy conservation. By using regional weights, regional features from different models are combined to a new global mean field which may lack internal consistency. We believe that our regional weight approach is preferable compared to the conventional "one model, one vote" approach to generate a multi-model mean projection of PP. However, we caution that this might not be the case for other applications.
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Our results are contradictory to the results of Sarmiento et al. (2004) on the global scale and in most regions (Fig. 13) . Sarmiento et al. (2004) primary productivity is estimated from the chlorophyll concentration for three different productivity algorithms (Behrenfeld and Falkowski, 1997a; Carr, 2002; Marra et al., 2003) . What are the reasons for the discrepancies between results from the empirical approach and those from process-based climate-biogeochemical-ecosystem models :::: used ::: in ::: this :::::: study? A fundamental conceptual difference is that the cycling of nutrients and nutrient availability is explicitly considered 900 in the process-based models, whereas nutrient limitation is only implicitly included in the empirical approach of Sarmiento et al. (2004) and the satellite productivity algorithms. As nutrients are a key factor for phytoplankton growth and :: PPproductivity, it appears necessary to take the decadalto-century scale evolution of nutrient cycling into account as done in the process-based models. As discussed by Sarmiento et al. (2004) , projected changes in chlorophyll are small for their empiri-
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cal approach, and their changes in ::: PP : productivity depend critically on the applied satellite algorithm. Sarmiento et al. (2004) . We note that observation-915 based changes in global chlorophyll and inferred global ::: PP productivity by Behrenfeld et al. (2006) evolve in parallel. An implicit assumption in the empirical approach is that the spatial relationship between :: PP : productivity and physical forcing found for the modern ocean can be applied to temporal changes into the future. However, Schneider et al. (2008) find that the relationship between :: PP productivity and temperature in the low-latitude ocean is different for interannual variations of the 920 last decades and the century-scale trends in transient warming simulations.
Process-based models are far from perfect (Schneider et al., 2008) and their results must be interpreted with some caution. However, it appears evident from our analysis that the cycling of nutrients and changes in the supply to the surface and in the concentration of nutrients must be realistically represented to project changes in :: PP :::: and ::: EP : productivity with some realism. What is required for 925 further progress is to combine satellite, field, and laboratory observations, empirical approaches and process-based models to further improve our quantitative understanding. Novel metrics such as (multivariate) regional skill scores may prove useful to synthesize results from models and observational studies in a quantitative and transparent way. As far as modeling is concerned, factorial experiments dedicated to quantify the link between PP and individual parameters will be helpful to
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improve the understanding of model behavior and to compare model results with experimental data.
Improved parametrizations of ecosystem processes that take into account emerging results from field and laboratory studies are required to close gaps in understanding.
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